We have identified recombinant human cystatins 9 (rCST9) and C (rCSTC) as a combination immunotherapeutic treatment against multidrug-resistant (MDR) New Delhi metallo-␤-lactamase-1 (NDM-1)-producing Klebsiella pneumoniae. We evaluated the lasting protection of rCST9/rCSTC treatment against MDR NDM-1 K. pneumoniae pneumonia. Results showed that rCST9/rCSTC treatment modulated endogenous serum biomarkers, cystatins 9 and C and amyloid A, associated with poor patient outcomes and provided prophylactic and long-term protection in a murine model of pneumonia.
T he frequency of multidrug (MDR) resistance among pathogenic bacteria, such as New Delhi metallo-␤-lactamase-1 (NDM-1) Klebsiella pneumoniae-induced pneumonia, and the ability of the bacteria to continually evolve in a manner that renders traditional antibiotic treatment ineffective are growing health care concerns around the world. Development and implementation of successful treatment alternatives to combat MDR pathogens are currently lacking. To address this gap, we discovered that coadministration of human recombinant human cystatins 9 (rCST9) and C (rCSTC) is an effective immunomodulatory therapy that provides unprecedented survival outcomes against pneumonia induced by an intranasal (i.n.) challenge with MDR NDM-1 K. pneumoniae (1) . Cystatins are cysteine protease inhibitors found throughout the body tissues and fluids (2, 3) . These naturally produced proteins maintain a balance among cysteine proteinases to prevent the excessive breakdown of the extracellular matrix, leading to dysregulated immune responses and tissue damage (2) (3) (4) (5) . During pathophysiological events, an imbalance between endogenous cystatin levels and cysteine proteinases can develop, resulting in dysregulated inflammation (5) (6) (7) .
Our findings have shown that rCST9 treatment modulated damaging inflammation leading to significant improvement in survival in a murine model of tularemia (8) . Similarly, we recently reported that i.n. coadministration of rCST9/rCSTC (50 pg of each/mouse) 1 h postinfection (p.i.) followed by a subsequent rCST9/rCSTC dose (500 pg of each/mouse) given intraperitoneally (i.p.) at 3 days p.i. significantly modulated excessive inflammation, decreased apoptosis, preserved the structural integrity of the lung, decreased bacterial load, and significantly increased survival outcomes in our murine model of pneumonia induced by MDR NDM-1 K. pneumoniae (1). A single one-time dose of rCST9/rCSTC (500 pg of each) given i.p. at 3 days p.i. also afforded significant protection against NDM-1 K. pneumoniae-induced pneumonia that was nearly equivalent to the two doses of rCST9/rCSTC (1) .
Because high endogenous serum CSTC levels serve as biomarkers that are strongly linked to poor kidney function (9, 10) and cardiovascular damage (11) , we sought to evaluate how MDR NDM-1 K. pneumoniae (ATCC BAA 2146)-induced pneumonia and/or rCST treatment affected endogenous CST9 and CSTC serum levels. Therefore, we used the archived serum samples of BALB/c mice (Jackson Laboratories) that were infected and/or treated with rCST9/rCSTC (n ϭ 6 mice/group) from our previously published studies to quantify endogenous serum CST9 and CSTC via enzyme-linked immunosorbent assay (ThermoFisher and Invitrogen, respectively) (1). All animals were housed in an Association of Assessment and Accreditation of Laboratory Animal Care-approved facility, and procedures were approved by the University of Texas Medical Branch Institutional Animal Care and Use Committee. Our findings revealed that endogenous CST9 and CSTC in the serum samples were significantly higher at 5 days p.i. in untreated infected mice than in mice infected/treated with i.n. and/or i.p. rCST9/rCSTC ( Fig. 1A  and B ; P Ͻ 0.05). Conversely, i.n. rCST9/rCSTC treatment at 1 h p.i. decreased endogenous serum CST9 and CSTC levels by 72 h, with a significant decrease in CST9 at this time point (P ϭ 0.0033). The same mice then received a second dose of rCST9/rCSTC i.p. at 3 days p.i. that resulted in a significant decrease in endogenous CST9 (P ϭ 0.0090) and CSTC (P ϭ 0.0140) levels at 5 days p.i. compared with untreated infected mice ( Fig.  1A and B ). Likewise, mice administered a single i.p. dose of rCST9/rCSTC at 3 days p.i. had significantly decreased endogenous CST9 and CSTC levels in the serum at 5 days p.i. ( Fig. 1A and B ; P ϭ 0.0090 and 0.0140, respectively). Note that for Fig. 1A and B , rCST concentrations were not likely detectable in the total measurement of CST9 and CSTC quantified in the serum because of the extremely small dosages, short half-life of cystatins, and timing of the treatment p.i. CSTC is the most studied of the cystatins; however, to our knowledge, there are no published reports regarding endogenous CST9 serum levels. It is known that nucleated cells constitutively produce CSTC, resulting in a stable level of the protein in the blood (9, 10) . CSTC is filtered through glomerular filtration, reabsorbed, and metabolized by the proximal tubules (9, 10) . If this process is disrupted, CSTC levels are increased in the blood, which can be linked to renal damage (9, 10) . Therefore, the rCST9/rCSTC modulation of endogenous CST9, CSTC, and serum amyloid A (SAA) levels in the serum may serve as biomarkers of kidney and liver functions. Our results are the first to show a significant correlation between exogenous rCST9/rCSTC treatment and modulation of endogenous serum CST9 and CSTC levels ( Fig. 1) , which likely contributed to improved survival outcomes in a mouse model of MDR pneumonia (1) .
To begin to correlate rCST treatment with restrained systemic inflammation, we analyzed the same archived mouse serum samples to quantify SAA. SAA is an acutephase serum protein secreted primarily from the liver that is a biomarker for persistent inflammation (12) and renal damage and is implicated in the induction of enzymes that degrade the extracellular matrix (13) . Our results showed that rCST9/rCSTC given i.n. and/or i.p. significantly decreased serum SAA at 5 days p.i., which was equivalent to results in uninfected/untreated control mice, compared with untreated infected mice and infected/rCST-treated mice at 24 and 72 h p.i. (Fig. 2 ; P ϭ 0.0065). The combined data showed that rCST9/rCSTC treatment modulated the levels of endogenous CSTC, CST9, and SAA, which are serum biomarkers that are associated with damaging inflammation (Fig. 1 and 2) . The culmination of these findings showed that treatment with rCSTs provided long-term protection that far exceeded their approximate 2-h half-life (9) . We are currently in the process of determining the biological mechanisms responsible for the rCST9/rCSTC modulation of endogenous CST9, CSTC, and SAA levels.
To determine whether rCST treatment afforded protection against a secondary MDR NDM-1 K. pneumoniae challenge, BALB/c mice that survived an inoculation of LD90 i.n. MDR NDM-1 K. pneumoniae followed by treatment with rCST9/rCSTC (500/500 pg) i.p. 3 days p.i. (1) were rechallenged with NDM-1 K. pneumoniae (LD90) at 33 days p.i. with no additional rCST treatment. The second challenge resulted in four survivors out of six mice initially given rCST9/rCSTC compared with untreated infected mice (one survivor out of five mice; P ϭ 0.0001) ( Fig. 3) .
Furthermore, a one-time i.n. prophylactic dose of rCST9/rCSTC (50/50 pg) at 24 h (n ϭ 10 mice) or 1 h (n ϭ 9 mice) p.i. significantly improved survival outcomes against a primary pneumonia infection and a secondary rechallenge with a dose of LD90 MDR NDM-1 K. pneumoniae in treated mice compared with untreated infected mice (P ϭ 0.0001) (Fig. 4A ). We expanded this study with an adoptive transfer of splenic B cells from the 24-or 1-h prophylactically rCST-treated/infected mice to treatment-naive mice (1.2 ϫ 10 6 B cells i.v./mouse). Collection of isolated B cells from survivors Ͼ8 weeks posttreatment and infection ensured that they were memory B cells (14-16) (Fig. 4B) . One-day after adoptive B-cell transfer, mice were inoculated with LD90 NDM-1 K. pneumoniae i.n. Mice receiving B cells from the 24-or 1-h pre-rCST treatment showed 100% protection against MDR NDM-1 K. pneumoniae, whereas 33% of mice that received naive B cells succumbed to infection (P ϭ 0.0162) ( Fig. 4C) . Results from the rCST treatment p.i. and prophylactic studies lend further evidence that coadministration of rCST9/rCSTC is not transient but has synergistic, lasting effects on the host's immune responses beyond the rCST 2-h half-life (1) . These data further demonstrate that rCST9/rCSTC efficacy to combat a primary infection appears not to impair humoral immune responses against a secondary infection (1, 9) . As we observed with our rCST treatments, immune responses are beneficial and balanced, allowing for the robust development of innate and adaptive immunity to fight against a primary and secondary pneumonia infection. Alternatively, in some cases, rapid clearance of bacteria and associated antigens after antibiotic treatment can have consequential effects that impair CD4 T-cell memory, leading to incomplete humoral immune development, which results in a lack of protection against subsequent infections (17, 18) .
There are no published findings to help elucidate why exogenously administered rCSTs would promote prophylactic and/or long-term protection against pneumonia. However, it is reasonable to hypothesize that the multifaceted functions of rCST9/rCSTC treatment promote cell survival and controlled beneficial immune responses against pneumonia (1) . This, in turn, would increase the overall health of the host, allowing for the allocation of resources to bolster the humoral immune response, subsequently improving survival outcomes. We do not want to overinterpret or overstate the effects of rCST9/rCSTC treatment but offer rCST9/rCSTC as a promising alternative treatment for pneumonia to be used alone or combined with less-toxic doses of appropriate antibiotics (1) .
